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Abstract: The term “structural lubricity” denotes a fundamental concept where the friction between two atomically
flat surfaces is reduced due to lattice mismatch at the interface. Under favorable circumstances, its effect may
cause a contact to experience ultra-low friction, which is why it is also referred to as “superlubricity”. While the
basic principle is intriguingly simple, the experimental analysis of structural lubricity has been challenging. One
of the main reasons for this predicament is that the tool most frequently used in nanotribology, the friction force
microscope, is not well suited to analyse the friction of extended nanocontacts. To overcome this deficiency,
substantial efforts have been directed in recent years towards establishing nanoparticle manipulation techniques,
where the friction of nanoparticles sliding on a substrate is measured, as an alternative approach to nanotribological
research. By choosing appropriate nanoparticles and substrates, interfaces exhibiting the characteristics needed
for the occurrence of structural lubricity can be created. As a consequence, nanoparticle manipulation experiments
such as in this review represent a unique opportunity to study the physical conditions and processes necessary
to establish structural lubricity, thereby opening a path to exploit this effect in technological applications.
Keywords: Nanotribology; nanoparticle manipulation; friction force microscopy; structural lubricity; superlubricity;
HOPG

1 Nanoparticle manipulation: An
alternative route to nanotribology
Due to the continuing miniaturization of micromachinery, such as found in nano-electromechanical
systems [1, 2], considerable research efforts are directed
towards the understanding and optimization of
frictional behaviour on the nanometer scale. Nanoscale
systems that include moving parts comprise a considerable challenge for scientists and engineers since
functionality and durability are often limited by the
effects of friction and wear. Conventional approaches
to manage friction and wear, such as lubrication or
surface modifications, are, however, difficult to apply
* Corresponding author: Dirk DIETZEL.
E-mail: dirk.dietzel@ap.physik.uni-giessen.de

for small-scale systems, and other ways to control
friction need to be established. An indispensable
prerequisite for substantive progress is to first gain
detailed understanding of tribological processes at
the micro- and nanoscale. As a consequence, the field
of nanotribology [3, 4], which explores the fundamentals
of friction on the nanometer scale, has been constantly
growing during the last 20 years.
One of the most important experimental tools for
nanotribological studies is the friction force microscope
(FFM), which was introduced in 1987 by Mate et al.
[5]. Friction force microscopy expands the capabilities
of a conventional atomic force microscope (AFM) [6]
by introducing a position-sensitive photodiode that
detects the torsion of a cantilever, which is the forcesensing device in an atomic force microscope, simultaneously to the cantilever’s normal displacement.
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Since the torsion of the cantilever is induced by the
forces acting on a sharp tip located at the end of the
cantilever while the tip is sliding over a surface, the
quantification of the torsion as a function of the local
position, applied normal force, and sliding speed
allows to analyse tribological processes at the nanoscale
[7, 8]. If measuring friction in this configuration, the
contact between tip and sample can be viewed as a
single asperity contact, which represents the classical
model geometry when it comes to develop an
understanding of the microscopic origins of friction.
This approach is inspired by the widely accepted
theories of Bowden and Tabor [9], who suggested that
any real surface can be approximated by a collection
of asperities. A single asperity contact can thus be
regarded as the fundamental building block of friction
as it is illustrated in Ref. [10].
Applying friction force microscopy as an experimental technique has enabled researchers to directly
explore the elementary processes that give rise to the
occurrence of friction at nanoscale point contacts. For
example, measurements have been performed for a
large number of sample systems while systematically
varying experimental parameters such as the normal
force applied by the cantilever [11−16], the radius of
the AFM tip [11, 13, 14], the sliding velocity [17−20],
the sample temperature [21−23], the relative orientation
between scan direction and substrate lattice [24−27],
or the chemical nature of the sample [28−30]. But
despite the many successes, the experimental configuration realized in an FFM also has inherent
limitations that impede the application of friction
force microscopy to an even wider range of tribological
questions. The most significant constraints are:
1. Material combinations: While there are no
constraints regarding the choice of samples under
investigations, experimentalists face limited availability
of materials for AFM tips, which mostly consist of Si,
SiO, SiN or diamond. The spectrum of material
combinations can be increased by using coated tips.
Such tips are, however, often characterized by poor
quality since both the tip’s geometry as well as its
atomic structure are usually ill defined, which makes
a reliable interpretation of experimental results difficult.
Furthermore, coated tips are prone to degradation by
wear, since many coatings attach only weakly to the
tips (e.g., gold layers on silicon). This is especially
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problematic for systematic studies, which require
multiple scans with varying parameters.
2. Structure: Since the apex of most AFM tips is
disordered, it is very difficult to analyze the effects
of local atomic order, such as exhibited by crystalline
surfaces sliding over each other, on interfacial friction.
The study of the friction experienced by ordered
interfaces is, on the other hand, becoming an increasingly interesting topic since such interfaces can
exhibit drastically altered friction values [31]. Scientific
interest is mostly focused onto an effect often denoted
as either superlubricity or, more adequately, structural
lubricity, where ultralow friction can be achieved due
to a structural mismatch between the two interfaces
in contact. A more detailed description of this effect
will be provided in Section 3.
3. Contact area: Another fundamental question in
nanotribology is related to the contact area dependence
of friction. While macroscopic friction is considered
to be independent of the contact area, the situation is
less clear on the nanoscale. Recent theoretical results
suggest that the contact area dependence of friction
can sensitively depend on the precise interface
structure, thereby relating its analysis closely to the
previous point of ill-defined tip structures. On a
more fundamental level, we note that it is generally
difficult to quantify the exact contact area between an
AFM tip and a surface since there is no routinely
applicable method to measure the real contact area
between AFM tip and sample. The situation is further
complicated by the need to vary the contact area
during an experiment if the contact area dependence
of friction should be assessed. Small changes of
the contact area can be achieved by increasing or
decreasing the normal force exerted on the AFM tip,
which may then be quantified by using contact
mechanical models if well-defined tips are employed.
Despite some successes [13, 14], this approach as of
now failed to provide insight into many fundamental
questions related to the contact area dependence of
friction.
4. Shape: Recent theoretical analysis indicates that
in the case of structural lubricity, interfacial friction is
not only governed by the size of the contact area
itself, but can also sensitively depend on the shape of
the contact area [32, 33]. For the contact formed by an
AFM tip and a sample, the precise shape of the
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contact area is even more difficult to assess than it’s
size. Consequently, there are presently no friction
force microscopy studies available that would relate
interfacial friction to the shape of the contact area.
These shortcomings of friction force microscopy
illustrate that many essential issues in nanotribology
require an alternative approach if they should be
addressed. Ideally, contacts of well-defined structure,
shape, size and variable orientation need to be
analysed. Such characteristics can be found with
nanoparticles supported by flat surfaces, which can,
e.g., be prepared by thermal evaporation. Depending
on the material and preparation parameters, particles
can either be crystalline or amorphous. Common
choices for substrates include materials such as highly
oriented pyrolytic graphite (HOPG) or MoS2 due to
their easy-to-prepare surfaces featuring large atomically
flat terraces, but comparatively weak particle-substrate
interactions (van der Waals only).
Once a suitable sample system has been prepared,
the motion of the nanoparticles on the substrate,
needed to generate friction, can be induced by the tip
of an atomic force microscope (see Fig. 1). The range
of contact areas that is accessible by nanoparticle
manipulation is indicated in Fig. 2 in comparison to

Fig. 1 The difference between conventional friction force
microscopy studies and particle manipulation schemes lies in the
relevant interface. While FFM is limited to friction occurring at
the interface between tip and surface (left), the particle manipulation
method allows to study the much larger, but well-defined particle/
surface interface (right).

Fig. 2 Overview over the different ranges of contact areas covered
by tribological techniques on the nano- and meso-scale.
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other experimental tools commonly used in nanoand microtribology, namely the friction force microscope (either with standard or modified tips) [5, 13,
14, 17], the surface force apparatus (SFA) [34, 35], and
the quartz crystal microbalance (QCM) [36−38]. From
the figure, we see that nanoparticle manipulation offers
unique access to lengthscales at the transition between
the nano- and meso-scale.
The concept of nanoparticle manipulation using
atomic force microscopy was first demonstrated with
the example of C60 islands grown on a NaCl surface
[39] and later employed to investigate frictional
anisotropies for MoO nanoparticles [40]. Nanoscale
objects, like nanotubes, have been pushed to distinguish
sliding and rolling motion [41]. Recently, there has
been an increase of systematic friction studies using
nanoparticle manipulation, highlighting the influence
of surface structure on particle trajectories [42] as well
as the influence of parameters like particle shape
[43, 33], surface chemistry and temperature [44], and
interface contamination [45−47]. The fundamental
question of how friction is related to contact area has
been addressed by a systematic variation of the size
of metallic nanoparticles [33, 45, 48]. Furthermore,
nanoparticle manipulation experiments have been
used to analyze the difference between static and
sliding friction. While some experimental approaches
are mainly sensitive to either static friction [48, 49]
or sliding friction [45], recent experiments have
demonstrated how nanoparticle manipulation can
be employed to measure static and sliding friction
[50] or monitor the transition from static to sliding
friction [51]. Very recently, the underlying physical
phenomenon of the transition from static to sliding
friction, i.e., contact ageing, could be analyzed
by systematic temperature- and velocity-dependent
nanomanipulation experiments [52]. This diversity of
friction phenomena that can be analyzed by nanomanipulation experiments is due the large variety of
tribological interfaces that can be created by combining
particles and substrates that differ in size, geometry,
structure, and chemical composition.
In many of the recent studies, a main objective
is the analysis of frictional properties of very clean
interfaces. To achieve this goal, it is mandatory
to prepare nanoparticles under ultrahigh vacuum
conditions (UHV) and transfer the samples to an
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UHV-AFM without breaking the vacuum, which is
most commonly realized by the in-situ thermal
evaporation of metals onto a flat substrate. Depending
on the conditions during metal evaporation and
particle growth nanoparticles of different shape and
structure can be created.
For antimony nanoparticles on HOPG, a sample
system that has frequently been used in the past, the
precise growth parameters and corresponding atomic
structures have been studied in detail by Stegemann
et al. [53]. It was found that small, round shaped particles are usually amorphous, whereas larger particles
are typically crystalline, an effect that strongly depends
on the surface temperature during evaporation [54].
It is expected that nanoscale friction is governed by
the atomistic structure of the particle-substrate interface,
and indeed, Ritter et al. have recently reported on
two distinct shear stresses observed during nanomanipulation experiments of antimony nanoparticles
on HOPG under ambient conditions [55]. In other
studies, gold nanoparticles produced from evaporation
onto HOPG have been used, which showed a well
defined crystalline structure structure. Comparing
their frictional behavior to the one of similarly sized
antimony nanoparticles allowed to directly assess the
effect of atomic structure and order on friction [33].
Despite the potential for the analysis of fundamental
effects in interfacial friciton, the approach of particle
preparation by thermal evaporation is limited compared to chemical methods, which can yield a much
higher variety of different shapes, sizes, and surface
functionalization. For example, gold particles can be
prepared in a wide range of geometries, including
spheres, rods, and even star-like shapes [44]. Furthermore, they can be coated with self-assembled
monolayers terminated with hydrophobic (e.g., methyl,
−CH3) or hydrophilic groups (e.g., hydroxyl, −OH).
This allows to investigate the influence of the
hydrophobicity of the coatings on the mobility of the
nanoparticles [44]. For example, Tranvouez et al. have
studied ligand-capped cadmium selenide nanorods
deposited on HOPG by AFM manipulation techniques
and found a distinct anisotropy in nanoparticle
movement depending whether the rod was moved
parallel or perpendicular to its main axis. These
observations could then be linked to the alignment
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between the organic ligands surrounding the nanorod
and the substrate [56]. Polyakov et al. have used AFM
manipulation techniques to analyzed the static and
kinetic friction of ZnO nanowires [43]. In contrast to
other approaches where friction is quantified by
measuring cantilever torsion, the AFM tip is in this
case employed only as a manipulation tool, while the
friction was determined from the bending profiles of
the nanowires. Some examples of different nanoparticles
used for manipulation experiments in nanotribology
are shown in Fig. 3.
Recent publications have shown that nanostructures
suitable for manipulation experiments can also be
gained from a variety of other inventive experimental
strategies. For example, Bombis et al. have shown that

Fig. 3 Scanning electron microscopy images of different nanoparticles and nanostuctures used for tribological nanomanipulation
experiments. (a) Sb nanoparticles prepared by thermal evaporation
under UHV conditions onto HOPG. The distribution of different
particles sizes illustrates how such particles can be utilized to
analyze contact area-related questions (Reproduced with permission
from Ref. [45], Copyright APS, 2008). (b) Colloidal gold nanoparticles from solution transferred onto a Si-substrate. While these
particles all are of very similar size, their shape varies considerably,
which makes them ideal objects to study effects like rolling
vs. sliding of nanoparticles (Reproduced with permission from
Ref. [50], Copyright Elsevier, 2012). (c)−(e) ZnO Nanowire of
150 nm diameter and ≈2.2 µm length on a Si-wafer in interaction
with an AFM-tip. The sequence of images shows how a continuously
increasing bending of the wire is induced by the AFM tip
(Reproduced with permission from Ref. [43], Copyright Beilstein
Foundation, 2014).
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after evaporation of NaCl on Cu(111), NaCl nanoparticles suitable for manipulation can be cut from
larger NaCl structures [57]. This approach is especially
interesting since size and shape of such nanoparticles
can in principle directly be controlled. In contrast,
Feng et al. have reported on the mobility of graphite
flakes on graphene, where the flakes have been
prepared by H2O assisted cracking of graphene sheets
[58]. The results confirmed the strong dependence of
interfacial friction on the relative orientation between
flake and substrate, as previously reported by
Dienwiebel et al. for a graphite flake trapped between
AFM-tip and HOPG substrate [31].

2

Experimental concepts: Measuring
interfacial friction by nanoparticle
manipulation

The possibility to manoeuvre a sharp tip across a
surface with sub-nanometer precision makes the
AFM an ideal choice for any nanomanipulation task.
As a consequence, the AFM has become a standard
instrument to manipulate nanoscale objects in physics,
engineering and biology. However, in nanotribology
mere manipulation of nanoscale objects is not sufficient,
as the interfacial friction force or the dissipated energy
needs to be recorded during the manipulation process.
In order to do so, several experimental strategies have
been developed in recent years.
For conventional topography measurements, an
AFM is typically operated in two main modes: In the
contact mode, which is also referred to as static mode,
tip and sample are in direct mechanical contact. This
technique can be used to obtain nanometer resolution
images on a wide variety of surfaces. Higher resolution,
however, is often achieved using dynamic modes like
the tapping mode [59] or the noncontact mode [60],
where the cantilever oscillates in very close proximity
to the sample surface. For both the contact and the
dynamic mode, it has been shown that they can be
successfully applied to facilitate nanoparticle sliding
with simultaneous assessment of energy dissipation
[39, 61]. The experimental approaches to nanoparticle
manipulation resulting from extending each of the
two modes are described in the following subsections.

2.1

Nanoparticle manipulation using dynamic
operational modes

Although there is a variety of different dynamic AFM
modes that could in principle all be applied for nanomanipulation tasks, manipulation of nanoparticles is
nowadays almost exclusively performed in tapping
mode [59], where the cantilever is typically oscillated
close to its resonance frequency while the oscillation
amplitude serves as feedback parameter. The energy
that is dissipated during one oscillation cycle ∆E is
then a function of cantilever spring constant cz, the
quality factor Q, and the drive and oscillation
amplitudes ad and A, respectively [62]:

A 2 fd
E  c z  Aad sin( ) 
Q f0






(1)

Here, fd and f0 are the driving and oscillation
frequencies and  is the phase shift between them. In
this mode, energy is transferred to the nanoparticle
when the oscillating tip hits the rim of the nanoparticle
(see Fig. 4), whereby the amount of energy transferred
can be controlled by the driving parameters of the
cantilever oscillation.
Based on this concept, Ritter et al. have demonstrated
how the manipulation of latex spheres on HOPG can
be controlled [61] by placing the cantilever at the edge
of the particle (Fig. 4(a)). A small oscillation amplitude

Fig. 4 Left: Sketch of the tip-particle coupling. The impact angle
at between tip and antimony particle determines the normal (z) and
lateral (x) components of the acting force [63]. Right: Illustration
of the dynamic mode manipulation procedure for Sb on HOPG
(image size 1 × 1 µm2). (a) Overview of the particle of interest
(labeled with a) and the surrounding area. A white and a gray arrow
indicate the path of the subsequent tip motion and the resulting
dislocation of the particle, respectively. (b) Topography after the
manipulation, showing a lateral translation of 83 nm and an in-plane
rotation of 58°. (c) Result of the second manipulation step, and
(d) final result after the third manipulation step (Reproduced with
permission from Ref. [48], Copyright APS, 2005).
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was usually not sufficient to induce motion but instead
allowed for imaging of the particle. Subsequently, the
oscillation amplitude was increased until the threshold
of particle movement (i.e., the friction force) was
surpassed and the particle started moving. Fig. 4(b)−4(d)
illustrate the manipulation of antimony nanoparticles
on HOPG.
Extracting reliable friction forces from such
tapping mode manipulation experiments is, however,
challenging. While theoretical analysis confirms that
the measured energy dissipation is in fact a measure
of the lateral forces occurring during manipulation
[63], it is the unknown contact angle between the
nanoparticle and the AFM tip (Fig. 4(a)) that limits
the ability to accurately determine how much of
the overall energy dissipation experienced by the
cantilever is actually transferred into lateral motion.
On the plus side, the dynamic mode is characterized
by a very high degree of flexibility, as particle motion
in arbitrary directions can be performed. Furthermore,
the range of lateral forces that can be applied to the
particle for translation is related to the square of the
oscillation amplitude, which yields a very large
dynamic range. The excitation amplitude can indeed
be adjusted over orders of magnitude, which allows to
easily switch between gentle imaging and manipulation of even very big particles. A detailed discussion
of nanoparticle manipulation using dynamic modes
can be found in Ref. [64].
The above discussion shows that very controlled
manipulation of individual particles is possible. For
its successful realization, however, it is necessary to
have an electronic AFM control system available such
as the one used to perform the particle manipulation
shown in Fig. 4, where arbitrary tip motions along
user-defined trajectories have been carried out under
full feedback control. Most commercial AFM control
electronics, however, do not support such procedure.
To overcome this problem, a different approach relies
on the statistical movement of a large ensemble of
particles of similar size. Mougin et al. [44], Darwich
et al. [65] and Paolicelli and co-workers [49, 66] have
systematically analyzed the amplitude threshold
necessary to induce particle motion in dynamic mode
during continuous surface scanning. For colloidal
gold nanoparticles this allowed to analyze how
friction is influenced by particle-substrate chemistry,
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temperature, particle size and morphology. Similarly,
Gnecco et al. report a detailed analysis of particle
trajectories due to the impact between the oscillating
tip and the particle within one scan frame [42].
Thus far, our considerations were all based on the
application of the tapping mode, which is commonly
used for nanoparticle manipulations. This mode is,
however, not suitable for UHV conditions [60]. Instead,
the frequency modulation (FM) mode, which is based
on tracking changes in the cantilever’s resonance
frequency as it approaches the sample surface, is best
employed for imaging in vacuum. But when it comes
to particle manipulation, applicability of FM-AFM is
limited due to its operational scheme that relies on
self-excitation of the cantilever, which is very sensitive
against perturbations. Therefore, trying to manipulate
typical nanoparticles with contact areas larger than a
few 100 nm2 most commonly results in the breakdown
of cantilever oscillations, making the FM mode inapt
for nanoparticle manipulations. Nonetheless, it has
been shown how FM-AFM mode can be applied to
move very small structures like single atoms [67] or
perylene-3,4,9,10-tetracarboxylic dianhydride (PTCDA)
molecules [68] with simultaneous assessment of the
forces required to move the atoms or molecules.
2.2

2.2.1

Nanoparticle manipulation using static mode
atomic force microscopy
Pushing nanoparticles from the side

As an alternative to nanoparticle manipulation
performed in tapping mode, manipulation can also
be carried out during contact mode operation of the
AFM [40, 41, 39, 69, 70]. Best results are achieved if
the AFM is operated in non-contact mode (either
constant-amplitude mode [60] or constant-excitation
mode [71, 72]) to record topography images without
unwanted particle displacement prior to performing
the actual nanoparticle manipulation by pushing the
nanoparticle from the side in contact mode (Fig. 5)
[73]. This mode is sometimes referred to as “Tip on
Side” mode [73].
Figure 6 illustrates such a manipulation process
with the example of an antimony particle on HOPG.
From a topography image obtained in noncontact
mode (Fig. 6(a)), the particle to be manipulated is
chosen. The tip is subsequently positioned beside the
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Fig. 5 Concept of contact mode manipulation of nanoparticles
by pushing from the side (“Tip on Side” mode). (a) Before the
tip reaches the nanoparticle, friction originates solely from the
contract between the tip and the substrate resulting in a cantilever
torsion α1. (b) Once the tip pushes the nanoparticle, both the
tip/substrate and the tip/particle interface contribute to the overall
friction. Thus, an increased torsion α2 > α1 is measured, with the
difference in torsion α2 − α1 corresponding to the friction between
nanoparticle and substrate.

Fig. 6 Example of a particle manipulation based on contact
mode manipulation (“Tip on Side” mode). (a) Topography image
of a group of three Sb nanoparticles on HOPG before manipulation.
(b) Topography image of the same group of nanoparticles after
manipulation, where the middle particle has been pushed to the
right. (c) Lateral force signal recorded during the manipulation
process. The AFM tip slides on the bare substrate (regime I)
before the onset (onset of manipulation can be observed in regime
II). Finally, a constant particle translation is registered in regime
III. The particle’s kinetic frictional resistance (marked by ∆F) can
be determined as the difference between regime I and II (Reproduced with permission from Ref. [33], Copyright APS, 2013).

nanoparticle and the system is switched to contact
mode. By moving the AFM tip along a straight
pathway, the nanoparticle can now be displaced. The
lateral force signal recorded during the manipulation
process is shown in Fig. 6(c). Using the lateral force
signal before the tip reaches the nanoparticle as
reference to assess the friction between tip and
substrate (x <0 in Fig. 6(c)), the additional interfacial
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friction between particle and substrate ∆FL can directly
be determined from the difference between the two
levels of the lateral force signal before and during the
pushing of the nanoparticle (see Fig. 6(c)). Occasionally,
peaks in the lateral force signal are observed directly
after the tip gets into contact with the nanoparticle.
Such peaks can either be due to the static friction of
the nanoparticles or they might be related to surface
defects, which may not be uncommon as such defects
aid particle nucleation during sample preparation.
After the manipulation process, the AFM is switched
back to noncontact mode to record a control image and
verify the successful particle displacement (Fig. 6(b)).
The cantilever normal force applied during this
manipulation process is a crucial parameter since it
determines whether the AFM tip will actually push
the particle or if the tip rather traces the particle
topography without any displacement taking place.
A high normal force will typically result in particle
manipulation, whereas low normal forces are more
likely to enable accurate tracing of the particle
topography. This dependence of the manipulation
process on the normal force is utilized in an alternative
manipulation scheme. After imaging the particles
using a sufficiently low normal force, the AFM is
operated in contact mode imaging with a normal
force close to the threshold of manipulation. When
the tip is now scanned across an area with a particle,
it is probable that any particle will be pushed laterally
after being imaged for a few scan lines [70, 45], resulting
in a topography image where the particle seems to be
“cut” (Fig. 7). The particle translation itself will result
in a friction trace comparable to Fig. 6(c). The main
advantage of this manipulation approach is that it
allows to measure friction for a number of particles
in a relatively short time because often several
displacements can be observed during one image. But
since there is no way to precisely control the tip-particle
interaction, it is difficult to avoid unwanted nanoparticle
motion. Thus, translation of a specific nanoparticle in
a well-defined way is challenging. This drawback
may, however, in many circumstances be out-weighed
by the fact that particle manipulation experiments may
be performed with even the most basic atomic force
microscopes providing neither dynamic modes nor
allow for arbitrary tip paths. Only if small, very mobile
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Fig. 7 Example of particle manipulation strategy relying on
conventional xy scans using a constant normal force slightly
above the threshold for manipulation for small particles. The
topographic image of 1 × 1 µm2 shows a group of particles. As
indicated by the dashed lines, two particles are pushed to the right
and out of the scan range after the particles have been correctly
profiled for about half of their size, giving the particles the
appearance of being cut in half (Reproduced with permission from
Ref. [70], Copyright AIP, 2007).

nanoparticles are to be examined, using dynamic
modes for imaging may become mandatory, since
such particles can often not successfully be imaged
using contact made.
2.2.2

Nanoparticle trajectories during manipulation

When pushing a nanoparticle from the side, both the
tip and the nanoparticle should ideally move the
same distance along a straight line. However, the
shapes of tip and nanoparticle can lead to force
components perpendicular to the tip path [42, 49],
which can cause the contact between tip and nanoparticle to break. Once this happens, the AFM tip will
continue its path but leave the nanoparticle behind.
During nanomanipulation experiments, this effect
can be minimized by trying to direct the tip trajectory
through the center of mass of the nanoparticle. It can
nonetheless be problematic with respect to the accuracy
of particle positioning and, more importantly, it can
also affect the friction force measured during the
particle manipulation. For the simplest case of a round
particle and a round tip, the geometrical configuration
used to calculate the particle trajectory is depicted in
Fig. 8. For the calculation of the particle trajectories, it
is assumed that any dependence of friction on sliding
direction and sliding velocity can be neglected.
Furthermore, the tip radius was assumed to be pointlike. The theoretical equations derived from this
configuration [73] have subsequently been used to
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analyze the friction signal measured for an off-center
manipulation of an antimony nanoparticle on HOPG
(see Fig. 9). In this experiment an antimony nanoparticle of about 150 nm diameter was pushed from
the side by the AFM tip and after manipulation, a
considerable displacement perpendicular to the tip
path was found (Figs. 9(a) and (b)). The corresponding
lateral force signal shows the typical steep increase
when the tip hits the nanoparticle, but starts to decrease

Fig. 8 Schematic of geometry during off-center manipulation.
The position of the nanoparticle is shown in relation to the AFM
tip and the tip path directly before and after the manipulation
takes place. The dotted line indicates the particle trajectory
during manipulation. The most crucial parameter to describe the
manipulation process is the offset between the AFM tip and the
center of mass of the nanoparticle measured perpendicular to the
tip path.

Fig. 9 Example of a manipulation event where the tip was
moved from left to right and pushed an nanoparticle downwards
during manipulation. (a) Topography image of the Sb nanoparticle
on HOPG substrate before manipulation, (b) topography image
after manipulation. The tip path and the position of the nanoparticle
after manipulation are indicated in (a) and allow to estimate the
offset a to ≈21 nm. (c) Lateral force signal measured during the
manipulation. A fit to the experimental data yields a = 26 nm
(Reproduced with permission from Ref. [73], Copyright Springer,
2010).
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immediately until the fricton is back to the initial
level after approximately 150 nm, meaning that the tip
has lost contact with the nanoparticle. This behaviour
can be well fitted by a theoretical friction profile
calculated for an offset a of 26 nm between nanoparticle and tip. From the AFM images measured
before and after nanoparticle manipulation, the offset
a can be estimated to 21 nm. Thus, fit parameter and
directly measured offset are in good agreement. If, as
it is the case in Fig. 9, the lateral force signal can be
described by a theoretical model, the interfacial friction
can still be precisely determined. However, such a
calculations become increasingly complicated for
more irregularly shaped particles and it is therefore
preferably from a practical point of view to limit any
quantitative analysis to particle manipulations with
straight trajectories.
In other experiments by Gnecco and co-workers,
the continuous off-center manipulation of nanoparticles
during imaging has been employed to force groups
of nanoparticles onto common resulting trajectories,
an approach which can be used for arranging nanoparticles on surfaces or for sorting of nanoparticles.
In order to do so, Rao et al. have scanned a Si surface
covered with a number of round colloidal gold
nanoparticles in tapping mode while the tip-sample
interaction was chosen to be well above the threshold
of manipulation [42]. This way, whenever the AFM
tip hits a nanoparticle, the nanoparticle is displaced
according to a theory similar to the one used to
describe contact mode measurements [42, 74]. Again,
the determining factor is the offset between the tip
path and the nanoparticles center of mass. According
to the findings of Rao et al., this parameter can be
tuned by the line spacing during imaging with the
effect that the nanoparticles can be forced onto straight
trajectories whose effective angle relative to the scan
direction can be varied by adjustig the line spacing
(see Fig. 10).
Recently, Nita et al. have applied the manipulation
concept developed by Rao et al. to push antimony
nanoparticles of complex shape by contact mode
AFM techniques on MoS2 [75]. In their experiments,
however, the shape of the particles led to trajectories
far more irregular than the ones shown in Fig. 10(a).
Nonetheless, by using the precise particle shape as
input for numerical simulations, the particle trajectory
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Fig. 10 Topography images recorded in tapping mode during
forward scan (a) and backward scan (b). The forward scan (a)
shows three parallel trajectories of gold nanospheres on a Si
substrate. No trajectories are found in the backward scan (b),
which means that the particles are efficiently pushed out of the
tip’s path during the forward scan and are therefore not interacting
with the tip during the backward scan (Reproduced with permission
from Ref. [74], Copyright APS, 2009).

could accurately be described and quantitative data
for the interfacial friction was extracted [75]. We
therefore conclude that despite the need to apply
non-trivial theoretical models to extract quantitative
data, the results obtained in contact mode by various
groups suggest that the approach to study friction
through nanoparticles manipulations occurring during
standard AFM operation (i.e., “imaging” with slightly
higher maximum normal loads) still represents a promising route for future investigations as all necessary
data can be gathered with a very simple procedure.
2.2.3 “Tip-on-Top” approach
A slightly different approach for particle manipulation
is realized by placing the tip on top of the particle
during manipulation instead of placing it at the side.
In this approach, which is illustrated in Fig. 11, the
tip is first positioned approximately in the center of
the nanoparticle’s top surface. If then tip motion is
initiated, two scenarios are possible: (1) The tip slides
over the surface of the nanoparticle with the lateral
force signal reflecting the friction between tip and
nanoparticle, or (2) the nanoparticle is following the
tip motion by gliding over the substrate. In this case,
which we will refer to as the “tip-on-top” manipulation
mode, the measured torsional signal is directly
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Fig. 11 Figure illustrating nanoparticle manipulation by employing
the “tip-on-top” approach described in the text. (a) The tip is
positioned on top of a particle (starting position). (b) If motion of
the cantilever is initiated and the cantilever normal force is below
a certain threshold value, the cantilever is sliding on the particle,
profiling the nanoparticle’s top surface. (c) If the cantilever load
is above the threshold, the tip remains on a fixed position on top
of the particle and tip and particle will move together.

proportional to the interfacial friction between particle
and substrate.
The crucial parameter that distinguishes between
the two scenarios is the ratio of the shear forces in the
tip-particle-substrate system. Only if the lateral force
needed to shear the tip-particle interface is larger
than the force required to shear the particle-substrate
interface, the particle moves together with the tip. If
this is the case nanoparticles can be moved over large
distances while the tip is placed on top of them. An
example is given in Fig. 12, where an antimony particle
has been displaced under UHV conditions in the
“tip-on-top” mode.
One strategy to perform nanoparticle manipulations
using the “tip on top” mode is to first operate the
AFM in noncontact mode and placing the tip either
on the left or right hand side of the chosen nanoparticle
(Fig. 12(a), position marked by the cross). Then the tip
is first scanned across half of the particle (as indicated in
Fig. 12(a)), placing it directly on top of the nanoparticle
(Figs. 12(a) and 12(c) for x = 0). At this position the
AFM is switched in situ from noncontact to contact
mode [70, 73] and the cantilever normal force is
slowly increased, allowing to exert a sufficient lateral
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Fig. 12 Example of a controlled manipulation performed in
the “tip-on-top” mode. (a) Noncontact topography image before
manipulation. The cross indicates the initial cantilever position,
whereas the two arrows mark the paths used to position the
cantilever on top of the particle and to perform the manipulation.
(b) Noncontact topography image after the nanoparticle
manipulation along the vector path. (c) Topography signal measured
during the two vector pathways. The tip is first positioned on top
of the nanoparticle in noncontact mode (x ≤ 0); the subsequent
manipulation is the carried out in contact mode (x ≥ 0) (Reproduced
with permission from Ref. [73], Copyright Springer, 2010).

force for moving the particle. Once the normal load
has been set, the tip is moved along a second vector
(indicated in Fig. 12(a)) to perform the controlled
nanoparticle movement. During the manipulation
the topography signal and the lateral force signal are
recorded. Given a flat substrate surface the topography
signal remains flat over the whole pathway of the
manipulation (Fig. 12(c), x ≥ 0) as long as the tip
remains firmly on top of the nanoparticle. After the
particle movement is completed, the AFM is switched
back from contact to noncontact mode and a control
image is recorded (Fig. 12 (b)) verifying the nanoparticle’s manipulation path. If the normal load is
sufficient, we find the nanoparticles to firmly follow
the tip movements, allowing controlled manipulations
with over 1 μm of displacement [51].
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If quantitative values for interfacial friction are to
be extracted from “tip-on-top” manipulations, one
has to keep in mind that in this case a single onedirectional nanoparticle manipulation lacks an absolute
reference level necessary to quantify the interfacial
friction. Therefore, quantitative friction data must be
extracted from the forward and backward motion of
the nanoparticle, a procedure similar to recording
friction loops in conventional friction force microscopy
(see Section 2.3).
2.3

Identifying static friction in nanoparticle
manipulation experiments

One important aspect in attaining a coherent picture
of friction processes at the nanoscale is the correlation
between static and sliding friction. While this difference is a well-known fact for friction experiments
on the macroscale, it is less clear if or how this concept
is applicable to nano- or mesoscale contacts, where
stick-slip motion is considered to be the dominant
process. Currently, interest is especially spurred by
new concepts that take ageing of nanocontacts into
account [23, 76−78]. In many cases, nanotribological
ageing effects can principally be analyzed by velocitydependent measurements [20, 23], since the stick
phase during stick-slip motion can be considered as
a hold time during which contact ageing can occur.
However, velocity-dependent measurements only
allow to vary the hold times in a certain range. To
achieve longer hold times with saturated contact
ageing, it might be required to suspend the sliding
motion alltogether and reinitiate it after the desired
amount of time.
Again, the well-defined interfaces between nanoparticles and substrates can form ideal model systems
to undertand nanoscale processes related to static
friction. To measure the static friction of nanoparticles,
different strategies have successfully been employed.
One of the first examples was presented by Luethi
et al., where the C60 nanoparticle on MoS2 was pushed
from the side and the torsion of the cantilever interacting
with the nanoparticle was used as a measure of
interfacial friction. In this case, similar to Fig. 6, the
static friction resulted in a high cantilever torsion that
was built up right before the nanoparticle started
moving [39]. Once the particle was sliding steadily, a

reduced lateral force signal was measured. However,
the steep increase of the lateral force signal when the
cantilever hits the particle can make it difficult to
identify the exact maximum, which can be interpreted
as static friction, especially if typical point densities
for data acquisition are used. Moreover, the process
of contact formation between the tip and the nanoparticle can influence the measurement, resulting in
unreliable information about static friction.
Tripathi et al. have used tapping mode manipulation
techniques to assess the temperature dependence of
static friction for gold nanoclusters on HOPG [66]. By
measuring the threshold of amplitude reduction at
which detachment occurs, they could quantify static
friction and found that the detachment of small gold
nanoclusters with diameters of about 27 nm can be
described as a thermally activated process, resulting
in lower detachment energies measured at higher
temperatures [66].
Another possible approach to distinguish between
static and sliding friction is based on the “tip on top”
manipulation scheme [51]. With the tip resting on top
of the nanoparticles, there are two possible modes of
tip and cantilever movement (see Fig. 11): The tip can
either move on top of the nanoparticles, in which
case the lateral force signal represents the friction
between tip and particle, or the contact between tip
and particle is firm, in which case the tip drags the
particle along and the lateral force signal represents
the friction between particle and substrate. The key
parameter to control the sliding behavior is the cantilever normal force, which can be used to facilitate
the transition between static and sliding friction. The
principle scheme is depicted in Fig. 13 for an Sb
nanoparticle on HOPG: First the tip is positioned on
top of the nanoparticle and a contact mode scan of a
small area (typically A = 20 nm2) in the center of the
particle is initiated. This scan starts at a low cantilever load, in which case the lateral force between
tip and particle is not sufficient to overcome the static
friction between particle and substrate. By gradually
increasing the cantilever load with time t , the friction
between tip and nanoparticle will increase (Fig. 13(c))
until the lateral force is sufficient to overcome the
static friction of the nanoparticles (t = 1.85 in Fig. 13(c);
note that t is measured in arbitrary units). The nanoparticle is now moving together with the tip and the
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Fig. 13 Distigushing static and sliding friction using the “tip on
top” approach. (a) Sb nanoparticle ob HOPG substrate, where the
typical scan area is indicated. (b) Friction loops (top) and
topography (bottom) just before (left hand panels) and after (right
hand panels) particle sliding was initiated. (c) Plots of the
effective friction force Ffriction (determined from friction loops
such as the ones in panel (b) and cantilever normal force FN as
a function of time t while continuously scanning the AFM tip on
top of the nanoparticle (Acontact = 68,000 nm2) with a scan range
of 20 nm × 20 nm. The sudden drop at ttrans indicates the transition
to particle sliding (Reproduced with permission from Ref. [51],
Copyright AIP, 2009).

friction level in Fig. 13(c) (red part) represents the
sliding friction of the nanoparticles, whereas the
maximum frictional force reached at t = 1.85 (blue
curve) can be interpreted as static friction of the
nanoparticles. From Fig. 13(c) it can be seen that in
case of the moving nanoparticles no further load
dependence can be observed, which is indicative that
the adhesion between nanoparticle and substrate is
much larger than any applied cantilever load. The
transition of dynamic states becomes also obvious
from Fig. 13(b). Right before the transition, the friction
loop is fairly wide, while the related topography signal
has a considerable slope related to the shape of the
particle, which is not flat. After the transition, however,
the friction loop is not only significantly narrower, but
also the slope in topography has vanished since the
topography signal is now related to the nanoparticle
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sliding on the flat HOPG substrate.
In the same work, it was also shown that the
transition from static to sliding friction is reproducible,
meaning that the transition from static to sliding
friciton can be repeated several times for the same
nanoparticles. Interestingly, for the limited number of
particles of the same size investigated in Ref. [51], the
ratio between static and sliding friction seemed to be
constant with a typical ratio of Fsliding/Fstatic ≈ 0.5.
So far, the exact reason for the observed difference
between static and sliding friciton remains unclear.
Due to the reproducibility of effects for the same
nanoparticle, any wear-related interface changes can
be ruled out. However, theory predicts that the
behavior of a layer of mobile molecules trapped
between the moving surfaces can dominate the
phenomenon of static and kinetic friction due to a
shear force-induced transition from a solidlike to a
liquidlike structure of the interface layer [79]. In good
agreement with the experimental result, Persson
found that the ratio between kinetic and static friction
is consistently one half for a wide variety of simulation
parameters [79]. The model also predicts that if the
lateral force is reduced again, the liquidlike state
prevails until much below the initial threshold, giving
rise to a hysteretic behavior as observed experimentally
[51]. Nonetheless, in our UHV experiments it is difficult
to imagine the presence of a layer of additional interface
molecules. Still, it is astonishing that the model from
Persson is very consistent with the experimental
observations, including a kinetic/static ratio of one
half and hysteretic behavior. This suggests that if no
contamination particles are present, the last layer of
Sb atoms in contact with the HOPG substrate might
act as a de facto boundary lubrication layer.
2.4

Comparison of manipulation strategies

The various manipulation schemes introduced above
have different advantages and drawbacks. In manipulations based on dynamic AFM modes, a high
range of forces can be applied to the particles by
simply adjusting the oscillation amplitude and arbitrary
translation paths for the particles can be chosen. On
the downside, a direct measurement of frictional
force is not possible; instead, the momentum transfer
to the particle is quantified through monitoring the
system’s energy dissipation during manipulation.
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Here, it often remains unclear how much of this energy
is actually transferred into the nanoparticle motion.
In contact mode manipulation, on the other hand,
the fixed lateral spring constant of the specific cantilever
used significantly limits the range of frictional forces
that can be accurately detected. However, the restriction
might be outweighed by the ability to measure the
frictional force between particle and substrate directly,
allowing a straightforward quantitative analysis of
interfacial friction. The manipulation pathways are
more limited, since friction can only be measured
perpendicular to the cantilever, but in principle static
and dynamic friction can be distinguished. When
placing the tip on top of the particles the manipulation
control is even better, since a fixed contact between
nanoparticle and tip exists. In this configuration, it is
possible to perform multiple nanoparticle manipulations
without braking the contact between tip and sample.
Initial experiments showed that up to 100 consecutive
manipulations are possible. This opens the door for
measurements regarding two fundamental key
parameters in nanotribology, namely load and velocity.
For load dependent measurements, the cantilever can
be used to exert a varying normal load on the particle
during sliding. This enables in principle the measurement of the true load dependence of friction, an
issue of considerable fundamental interest. In practice,
however, this may be difficult to quantify as the
additional load exerted by the cantilever may often
be dwarfed by the intrinsic particle-substrate interaction
due to adhesion (cf. Fig. 13). Furthermore, the “tipon-top” mode allows to vary the sliding velocity of
the nanoparticle within an uninterrupted series of
nanoparticle manipulations. Such experiments have
recently been performed to clarify how the basic
model of thermal activation can be transferred from
small contact areas of AFM tips to the extended
contacts of nanoparticles [52].

3 Friction of extended nanocontacts: Contact
area dependence and structural lubricity
3.1

Basic concepts of friction for extended nanocontacts

Since the advent of friction force microscopy in
1987, most research in the field of nanotribology has

concentrated on the analysis of very small contact
areas, so-called nano-asperities. The interest to focus
on nano-asperities was spurred by a suggestion made
by Bowden and Tabor in the 1950’s that arbitrarily
rough surfaces can favorably be approximated by an
ensemble of multiple asperities [9]. Since the contact
between an AFM tip and a surface represents the
ideal experimental realization for such single asperities,
friction force microscopy allows to analyze the basic
friction processes occurring at point contacts on the
atomic scale. And indeed, thanks to focussing the
experiments on very small contact areas, results
could often be explained by theoretical models that
reduced the contact to only a few atoms or even a
single one [17, 23, 20].
Considerably less research has, however, been
done on extendend nanocontacts, even though they
represent frequent constituents of realistic surfaces.
As a consequence, many aspects of the frictional
behavior of extended nanocontacts are still insufficiently
explored. One of the most fundamental but unresolved
questions in nanotribology concerns the question of
how the frictional force Ffriction experienced at a finite,
atomically flat interface of nanoscopic dimensions
scales with the actual contact area Acontact. The answer
might even affect our understanding of the widely
accepted classical friction laws of Amontons, who
stated that friction is proportional to the normal force,
but independent of the apparant contact area:
Ffriction   Fload

(2)

Here Fload represents the external loading force and
μ the friction coefficient, which depends only on the
actual combination of materials in contact. Only under
the assumption of a linear dependence between true
contact area and friction, this law can be understood
by the commonly acknowledged model first introduced
by Greenwood and Williamson [80], where a linear
dependence between the real contact area between
two surfaces and the applied load on the interface is
assumed.
However, not only the unresolved questions
regarding contact area dependence of friction make
extended nanocontacts an intriguing problem. Another
aspect of fundamental interest is the fact that in
contrast to atomic point contacts where mostly the
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interaction of single atoms is considered, the collective
behaviour of a multitude of atoms within the two
surfaces sliding relative to each other can be of significant importance. The importance of such collective
behaviour becomes most obvious in the case of an
effect called “structural lubricity”, which, as will be
described below in detail, depends on the degree of
interlocking between the atoms of two extended
surfaces.
One key parameter determining the interfacial
friction between two sliders is the ratio of lattice
constants. This can be rationalized by considering a
simple scenario [10] as it is depicted in Fig. 14 with a
number of substrate atoms and their corresponding
periodic surface potential with lattice constant a. A
single atom on such a surface will drop into one of
the potential minima of the surface energy landscape
(Fig. 14I). If, however, a cluster of two atoms would
be put on the surface the resulting energy barrier per
atom will strongly depend on their lattice constant b.
If a = b both atoms will drop to the same energy level
as the single atom previously. However, a ≠ b will
result in a considerable reduction of the energy barrier
per atom for the cluster (Fig. 14II). This behavior
continues with increasing cluster size (Fig. 14III) and
ultimately leads to a vanishing energy barrier per
atom as the particle size increases towards infinity.
More detailed calculations show that this results in a
sublinear increase of friction as a function of the
contact area for any incommensurate, i.e., non-matching,
crystalline interface [32, 81] (please note that although
the energy barrier per atom vanishes if the particle
size approaches infinity, this effect is outweighed for

Fig. 14 Figure illustrating the effect of incommensurability on
the average barrier between potential minima: While the number
of atoms that have to overcome a barrier increases from one to
three for (I) to (III), the height of the individual barriers shrinks
significantly (E1 > E2 > E3). For increasingly larger contacts, the
effective overall barrier height will approach zero even though a
large number of atoms contribute to the frictional resistance.
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finite contact areas by the overall increase of particle
atoms, which results in low but still finite friction).
A similar behaviour is anticipated for interfaces,
where one or both surfaces are amorphous. In this
case some atoms will go up the potential energy ramp
while at the same time others go down, resulting in
cancellation due to the averaging effect of probability
theory’s central limit theorem [82]. Assuming that the
contact area Acontact between substrate and slider is
proportional to the number of atoms N of the slider,
it can be shown that interfacial friction between dry,
amorphous and flat surfaces scales as Ffriction  Acontact ,
which at the same time means that friction per atom
vanishes with increasing contact size, as it is the case
for incommensurate lattices. The effect of low friction
due to non matching interfaces has originally been
termed “superlubricity” [83, 84]; however, as it is a
purely structural effect and to distinguish it from
other effects that may lower the interfacial friction, it
has been suggested by Müser to denote it more
adequately as “structural lubricity”[85].
Curently, many aspects of structural lubricity are
still under debate, such as the exact circumstances
under which a superlubric state can actually be
established. Nonetheless, a growing number of
experimental studies already seems to corroborate its
existence [31, 45, 58, 86–89]. In this context, we note
that the sublinear contact area dependence of friction
predicted for this case is a unique key feature of
structural lubricity and thus allows for an unambiguous identification of the underlying physical
principle.
When analyzing the friction of nanoparticles, we
may start with reflecting on whether or not a model
that assumes the contact area of the nanoparticle to
be completely rigid is sufficient to correctly predict
the particle’s overall frictional behaviour, since elastic
deformations might cause the particle’s actual behaviour
to diverge significantly from the one derived from
more simplistic rigid models. For example, Reguzzoni
et al. have used molecular dynamics (MD) simulations
to describe the onset of a slip process in a Xe film on
a Cu substrate [90], a system where a commensurate
contact can be assumed. If an external load is applied
to this system, this can result in a frictional slip that
originates from the nucleation of a small commensurate
domain. By these simulations, Reguzzoni et al. could
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understand results obtained by Coffey at al. using a
quartz crystal microbalance, where particle movement
was observed in spite of an energy barrier that was
too high to be overcome in the absence of the nucleation
of structurally distinct domains [38]. More generally,
even though elastic deformations of surfaces are
thought to alter the behaviour of structural lubricity,
calculations suggest that realistic deformations are
too small to invalidate the basic conclusions drawn
from rigid structure models [83, 91–93]. The remainder
of this review will be devoted to an experimental
analysis of this problem, which is complemented by
a comparison with theory.
3.2 Contact area dependence of friction analyzed
by nanoparticle manipulation
The above discussion highlights the importance to
analyze the contact area dependence of friction for
nanoscale systems. These questions are ideally
addressed using nanoparticle manipulation, since
particles of varying size can readily be produced in a
well-defined manner (e.g., Fig. 3(a)) and allow to
systematically study the contact area dependence of
friction. However, atomically flat incommensurate
interfaces do even under clean and well-ordered
interface conditions not necessarily display structural
lubricity. The reason for that may be the nature of
interaction across the interface. If, e.g., strong chemical
bonds between slider and substrate are possible, the
interfacial friction should depend mainly on the
number of bonds. Szlufarska et al. have used MD
simulations to analyse this scenario for amorphous
carbon tips on diamond substrates (both terminated
with hydrogen) [94] and could determine for all Si
atoms at the interface whether a bond to the substrate
was formed or not, which was dependent on the
proximity between Si atoms and the substrate. In this
case, the contact area is defined by the region in
which bonds are built and the number of bonds
determines the friction and it scales proportional to
this contact area with no reduction of friction related
to structural lubrication effects.
3.2.1 Frictional duality observed during nanoparticle
sliding
Two recent studies [48, 45], which for the first time

Friction 2(2): 114–139 (2014)
used nanoparticle manipulation to analyze the contact
area dependence of friction for extended nanocontacts,
relied on antimony nanoparticles prepared by thermal
evaporation on freshly cleaved HOPG (see Fig. 3(a)).
In this case, no chemical bonds will be formed between
substrate and particles, as attractive forces at the
interface are restricted to van der Waals interaction.
Based on results from an independent study [53], we
also know that the compact shape exhibited by most
of the particles is indicative of them being amorphous.
As a consequence, the particle/substrate interface is
expected to exhibit suberlubric behaviour. And even
if some of the particles were crystalline, the atomic
lattices of Sb and HOPG do not match, leading to
incommensurate particle/substrate interfaces under
all circumstances and eventually to the occurrence of
structural lubricity. Experiments were performed both
under ambient conditions [48, 45] and under UHV
conditions [45] using either tapping mode manipulation
[48] or contact mode manipulation [45]. Particle sizes
varied from 10,000 nm2 to 300,000 nm2, illustrating
the range of contact areas accessible to nanomanipulation experiments.
The measurements performed under UHV conditions
resulted in two distinct friction branches (Fig. 15(a)),
with the majority of particles showing a linear dependence of interfacial friction as a function of contact

Fig. 15 Friction measured for antimony nanoparticles manipulated
on HOPG under UHV conditions (a) and ambient conditions (b).
The measurements performed under UHV conditions reveal two
distinct regimes. While the majority of particles shows finite
friction values, which can be described by a linear friction vs.
area relation (black symbols), a considerable number of particles
shows vanishing friction (red symbols) close to the limit of
experimental sensitivity. This apparent frictional duality cannot
be observed for the measurements under ambient conditions (b),
where the data points are almost exclusively appendant to a linear
branch, with only two data points showing vanishing friction
(Reproduced with permission from Ref. [45], Copyright APS, 2008).
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area (black symbols). From these measurements, a
shear stress of τ = Ffriction/A = (1.04 ± 0.06) MPa was
calculated. At the same time, a smaller fraction of
nanoparticles was found that showed considerably
lower friction, which was almost unquantifiable by
the instruments sensitivity [45]. This apparent duality
of friction among the nanoparticles, which have been
prepared under UHV conditions and were transferred
to the UHV-AFM directly afterwards without breaking
the vacuum, was not equally pronounced for the
measurements performed under ambient conditions.
Both sets of experiments [48, 45] revealed a linear
increase of friction with contact area but only two
particles showed significantly lower friction during
the contact mode experiments under ambient
conditions (Fig. 15(b)).
This behaviour is in stark contrast to expectations
based on the previously discussed characteristics of
structural lubricity. Even though metallic nanoparticles
evaporated on atomically flat HOPG should be ideal
model systems for structural lubricity, the characteristic
sublinear friction vs. area behaviour could not be
observed and the majority of particles showed friction
values that are incompatible with the low friction
values expected for incommensurate interfaces. But
while the results might seem surprising at first glance,
the occurrence of high friction particles and the
duality of friction can be rationalized by a theoretical
model developed by He et al. [95], where mobile
molecules were incorporated into an otherwise clean
and ordered incommensurate interface (Fig. 16(b)).
Corroborated by MD simulations, Müser et al.
predicted that already small amounts of molecules
“contaminating” the interface can prevent it from
displaying structural lubricity [82]. In this scenario,
the mobile molecules present in the interface act as
mediators that induce an altered form of interlocking
between the particle and the substrate (see Fig. 16(c)).
Müeser et al. also predicted interface contamination
to result in a constant shear stress μ independent of
the contact area between particle and substrate [82],
an effect that only weakly depends on the exact
amount of interface contamination [82, 95].
Based on this theory, the experimental results
described above can be understood assuming that
even under “clean” UHV conditions [45], a fair number
of such mobile adsorbates can accumulate on HOPG
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Fig. 16 Figure illustrating the effect of contamination on friction.
(a) The atomic structure of two commensurate surfaces in contact
can interlock, resulting in an area-independent friction coefficient.
(b) Structural lubricity: Two incommensurate, atomically flat
surfaces. The barrier between stable potential minima, and thus
the friction per unit area, decreases with increasing contact size.
(c) If the contact in (b) is contaminated by mobile molecules, the
friction per unit area is again independent of the contact size. In
this case, the mobile molecules can always lock at suitable potential
minima, acting as molecular mediators between the incommensurate
structures.

surfaces especially over extended measurement times.
In this case, the results suggest that the interfaces of
some particles are atomically clean while others
experience a break-down of superlubricity due to
contamination, which would elegantly explain the
observed duality of nanoparticle friction [45] (Fig. 15(a)).
On the other hand, contamination will undoubtedly
have a much stronger impact for measurements performed under ambient conditions, which rationalizes
the almost non-existence of the low friction branch
(Fig. 15(b)).
Close observation of the island structure by AFM
imaging shows no systematic correlation of particle
features (e.g., morphology, degree of ramification,
structure, height or orientation) with the occurrence
of vanishing friction [46]. In fact, islands of comparable
size and shape can show completely different frictional
behavior within the same scan frame. Also, the friction
measurements show a high degree of reproducibility
during multiple translation of the same particle [70].
This suggests that indeed the properties of the particlesurface interface are decisive for the observed duality.
Alternatively, an array of possible artefacts has been
considered as possible origins for the occurrence of
vanishing friction, but could eventually be dismissed
(see Ref. [45] for details).
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3.2.2 The role of interface contaminations: Theoretical
calculations
Although the universal presence of interface contamination seems to be a very plausible explanation for
the observed duality in friction of nanoparticles, the
question remains if conceivable concentrations of likely
contaminants are really sufficient to quantitatively
explain the friction levels observed in nanomanipulation
experiments. In order to clarify this question, Brndiar
et al. used density functional (DFT) modeling and
analyzed the behaviour of different contamination
atoms or molecules at the interface between HOPG
and crystalline antimony [47]. By calculating the
potential energy surface (PES) for the sliding process
with and without contaminants, information could
be gained about the additional energy barriers that
need to be overcome in the presence of contaminants.
Figure 17 illustrates the results for the case of a clean
interface and an interface with an H2O molecule
trapped between the surfaces of 2.6 nm2 size. While
the clean interface results in a very low energy
barrier (Ebarrier < 1 meV) that is consistent with the
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expectations for structural lubricity, adding an H2O
molecule into the interface results in a substantial
increase of the energy barrier, which is found to be
approximately 100 meV. Similar effects and energy
barriers were found when adding Sb4 clusters, oxygen
atoms or Sb4O6 into the interface.
In more detail, the simulations by Brndiar et al.
revealed that the trapped H2O molecule is moving
along with the antimony surface, but still remains
essentially mobile. This mobility is indicated in
Fig. 17(b), where the rotation of H2O molecule during
translation is plotted. Particle mobility is an important
condition for contaminating “dirt molecules” to
function as mediators between incommensurate
interfaces [82]. If dirt molecules would be fixed and
rigidly bound to, e.g., the particle, the resulting new
interface would again show superlubricity.
In an attempt to estimate the number of contamination molecules at the interfaces, it was found, that
approximately 1 H2O molecule/75 nm2 is required to
explain the experimentally observed friction levels.
This value seems to be conceivable, especially when

Fig. 17 DFT calculations of the potential energy landscape experienced by an antimony cluster sliding on top of an HOPG substrate.
The small corrugation shown by the green triangles in (a) corresponds to the case of a clean, crystalline Sb/HOPG interface as shown
(c) (grey: HOPG atoms, purple: Sb atoms). The larger corrugation shown by the green triangles in (b) is found for an Sb/HOPG
interface with a H2O molecule trapped in between (d). The black spheres in (b) indicate the relative orientation between the H2O
molecule and the substrate during cluster movement. This shows that the trapped molecule is indeed mobile, which is a requirement to
mediate friction between incommensurate interfaces (Reproduced with permission from Ref. [47], Copyright IOP Science, 2011).
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considering that the HOPG used for experiments was
cleaved under ambient conditions [45]. On the other
hand, a concentration of 1 Sb4/7 nm2 was found to be
required. While this concentration in itself seems to
be very high, it might be understood by assuming
that Sb4 clusters loosely attached to the sliding surface
of the particle might act as “self-contaminants”. In
any case, these simulations affirm the plausibility of
interface contamination to be responsible for the
observed frictional duality.
3.3

Scaling laws of structural lubricity

The results described in the previous sections have
already hinted at the potential of nanomanipulation
experiments to analyze structural lubricity. In Fig. 15,
a low friction branch was identified but a quantitative
analysis of its contact area dependence has not yet
been possible [45]. To address this issue, new
experiments under improved conditions have been
performed. The sensitivity of the optical detection
system has been enhanced while at the same time
also the particle preparation procedure was improved.
Care was taken to avoid substrate contamination
during particle preparation as thoroughly as possible,
and experiments were conducted exclusively under
UHV conditions in a short time span of only a few
days after sample preparation in order to avoid ageing
of the interface.

131
In addition to the antimony nanoparticles, which
have already been analyzed previously, gold nanoparticles prepared by thermal evaporation were also
studied, while HOPG was used as substrate for both
materials. The choice of nanoparticles was motivated
by their different crystalline structure. Round and
compact antimony nanoparticles as they were used
in Ref. [33] (cf., the inset of Fig. 18(a)) are expected to
be of amorphous structure [53, 46]. On the other hand,
SEM measurements revealing triangular shapes for
the gold nanoparticles clearly evidence crystallinity
(inset of Fig. 18(b)). Topography images of the
nanoparticles thus allow to directly determine the
orientation of the particles, while the orientation of
the substrate can be determined from atomically
resolved stick-slip measurements in direct vicinity of
the nanoparticles. The additional option to rotate the
nanoparticles by off-center manipulations makes this
sample system an ideal candidate to systematically
analyze the directional dependence of interfacial
friction in case of crystalline interfaces.
Interfacial friction has been measured for 32
antimony particles and 49 gold nanoparticles while
the AFM was operated in contact mode for particle
manipulation (see Section 2). Two independent sets
of measurements have been carried out for each
material to ensure reproducibility. Figure 18 shows
the resulting contact area dependence of friction for

Fig. 18 Contact area dependence of friction measured during nanomanipulation experiments of Sb nanoparticles (a) and Au
nanoparticles (b) on HOPG. The contact area dependence of the interfacial friction force F has been fitted using a power law F ∝ Aγ .
In both cases, the values found for γ are significantly smaller than 1, i.e., friction increases sublinearly with contact area. SEM images of
typical Sb and Au nanoparticles are shown as insets.
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both the antimony (a) and the gold particles (b) in a
double-logarithmic representation [33]. In both cases,
the data shows the expected sublinear increase of
fricton with particle size. To quantify the dependence,
we fitted both data sets using the following power
law:

FFriction  F0  Acontact

(3)

For the antimony nanoparticles an exponent of γSb
= 0.53 ± 0.05 is found, while the data measured for
the gold nanoparticles results in an exponent of γAu =
0.34 ± 0.15. We also note that the larger error bars can
only be partially attributed to the generally lower
friction values. To understand this contact area dependence in more detail, let us revisit the considerations regarding the scaling behaviour related to
structural lubricity first.
In case of an amorphous interface structure,
symmetry arguments suggest that the contact area
Acontact should be the only parameter determining the
scaling of interfacial friction [32], meaning that the
interfacial friction is not affected by altering the
particle’s shape, orientation or direction of movement
relative to the substrate as long as the contact area
remains constant. Statistical arguments then lead to
a scaling factor of γ = 0.5, as discussed earlier in
Section 3.1 [32, 82, 81]. This value is obviously in good
agreement with the value that was actually found in
our experiments, thereby validating the assumptions
and conclusions of the theory as well as confirming
the high quality of the experimental data.
For crystalline interfaces, however, the situation is
more complex. In recent theoretical studies, de Wijn
[32] has analytically calculated the friction for the
case of triangular nanocrystals on a hexagonal substrate,
a configuration suitable to describe, e.g., gold nanoparticles on HOPG. It is found that the scaling of
friction with contact area sensitively depends on the
particle’s shape and orientation. For triangular particles
with non-matching lattice constants, incommensurate
and pseudocommensurate orientations have been
identified, which result in different power laws
describing the friction vs. contact area. While the
friction scales Ffriction ∝ A0 for incommensurate orienttations, an increase of friction described by Ffriction ∝
A0.5 is found for the pseudo-commensurate case.

The behaviour of irregular particles (e.g., round
particles) is, however, even more difficult to describe
by analytical arguments. To assess the influence of
irregular particle shapes in more detail, we have
therefore performed numerical simulations [96].
Clusters of antimony or gold atoms were placed on
an HOPG substrate and the effective energy barrier
of the particle was calculated for triangular and
round particles based on realistic assumptions for the
Lennard-Jones-Potential derived from experimental
force-distance curves obtained by force spectroscopy
on HOPG [97]. The results of these simulations are
shown in Fig. 19, where the energy barrier of the
particles has been normalized by the energy barrier
found for a single atom. For gold nanoparticles of
triangular shape, incommensurate and pseudocommensurate orientations need to be distinguished.
While the incommensurate orientation results in
γAu,incomm ≈ 0, pseudocommensurate orientations result
in γAu,pseudocomm ≈ 0.45; both values are in good agreement with the earlier analytical findings [32]. For the
round gold nanoparticle an exponent of γAu,round ≈ 0.25
was found, a result that was almost independent
of the particle orientation. This indicates that an
irregular particle shape (i.e., a shape deviating from
basic triangular form) does significantly influence the
effects of both structural lubricity and pseudocommensurability.
To reconcile these concepts of scaling in the case
of structural lubricity with the experimental results,
Fig. 20 summarizes the different scaling laws in
comparison with the experimental data. To make the
sublinear increase evident, the friction data of Fig. 18
has been normalized by the friction of a single atom

FFriction,atom 

E
a

(4)

with ∆E representing the diffusion energy barrier of
either gold on HOPG [98] or Sb on HOPG [53] and a
the distance between the hollow sites of HOPG. For
an easier comparison between gold nanoparticles,
antimony nanoparticles and theory, all data is plotted
vs. the number of interface atoms [96]. We again find
that the experimental data obtained for the antimony
nanoparticle is in good agreement with the power
law expected for amorphous particles, i.e., γamorph,theo =
0.5, but at the same time, it becomes evident that the
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Fig. 19 Simulation results of particle vs. area scaling for triangular and round gold nanoparticles on HOPG. (a)–(c) illustrate the
geometrical configurations, while (d)–(f) show the normalized energy barriers as a function of particle size (i.e., number of atoms). An
angle α = 16° (a) corresponds to an incommensurate particle orientation, while an angle α = 0° (b) reflects a pseudocommensurate particle
γ
orientation. All simulation results could well be described by a power law ∆E ∝ N (d)–(f). Note that for triangular particles only atom
configurations resulting in straight edges of the triangle have been taken into account. For round nanoparticles such a distinction could
not be made, leading to a considerably higher number of data points (Reproduced with permission from Ref. [96], Copyright APS, 2013).

Fig. 20 Sublinear friction scaling laws compared with normalized
friction data from particle sliding experiments. The friction F is
normalized by the single atom friction F0 = ∆E/a and the particle
area by the atomic density to produce the number of interface
atoms. In such a diagram the scaling law for structural lubricty
becomes independent of those material parameters (F/F0 = Nγ). The
normalized data points for antimony (red markers, using ∆E =
20 meV for normalization) fall on the γ = 0.5 line (red solid line).
The normalized gold data (blue markers, ∆E = 50 meV) is
expected to obey different powers depending on shape and
orientation and thus falls into a broader area confined by γ = 0.1
and γ = 0.4 (blue shading), which is well within the area marked
as structural lubricity regime (Reproduced with permission from
Ref. [33], Copyright APS, 2013).

resulting curve also marks the upper limit of the range
that is expected for any case of structural lubricity, as
it coincides with the scaling expected for triangular
gold nanoparticles under pseudo-commensurate
orientation. The lower limit for the range of structural
lubricity on the other hand is marked by γmin,theo = 0,
found for triangular gold nanoparticles under
incommensurate orientation. And indeed, the friction
values measured for gold nanoparticles are well
within that range. More specifically, upper and lower
limits of γAu,max = 0.4 and γAu,min = 0.1 can be determined
from the experimental data. The scattering of the
gold data is consistent with the influence of particle
shape and orientation on friction. Arbitrarily shaped
particle such as a hexagon with rounded edges, as
it can be observed in the SEM images, may scale
with any factor between zero and one half. But also
perfectly shaped particles in the narrow transition
range between commensurate and incommensurate
orientations may show factors between zero and one
half. More generally, the fact that no particles with
γAu < 0.1 or γAu > 0.4 are found during the experiments
might be attributed to the fact that realistic
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nanocrystals will always show some degree of
imperfection.
To conclude, the presented experiments verify the
theoretically predicted sublinear friction-area scaling
power law for disordered surfaces. Owing to shape
and orientation effects, the results for crystalline
incommensurate interfaces fall into a range of power
laws that is consistent with sublinear scaling as well.
This allows to provide a link between mesoscopic
friction and single atom diffusion processes. Thereby,
the bridging of almost six orders of magnitude in
scale represents a notable step towards one of the
foremost goals of nanotribological research: to link
molecular effects with mesoscopic and, ultimately,
macroscopic behavior.

4 Conclusion and outlook
In recent years, analyzing friction by nanoparticle
manipulation has become a field of growing interest
in nanotribology. The quantitative extraction of interfacial friction from particle manipulation experiments
opens the door for the analysis of many current
issues in the field of nanoscale friction. Compared to
conventional fricton force microscopy, the accessible
range of materials is greatly enhanced and only
limited by the ability to create nanoscale particles on
flat surfaces. Due to the well-defined and clean
interface conditions that can be achieved during
nanoparticle manipulation experiments under UHV
conditions, it is possible to verify fundamental
tribological theories describing the friction between
extended nanocontacts.
Most prominently, the contact area dependence of
friction was analyzed in detail, a problem where
experimental analysis was previously hindered by
the geometric limitations of tip-sample contacts in
conventional friction force microscopy. Analyzing
metallic nanoparticles prepared on HOPG allowed to
comfirm theoretically anticipated scaling laws for
strucutral lubricity. Unique sublinear friction vs.
contact area relations were found and could be
related to the specific structures of the nanoparticles.
Experiments also showed that nanoparticle manipulation strategies are also suitable to approach other
current issues in nanotribology like the influence of
interface contamination on friction.

Over the years, different experimental strategies
have evolved, the choice of which mostly depends on
the experimental conditions or the nanoparticles to
be analyzed. Nowadays, especially the “tip on top”
approach seems to be very promising for the analysis
of fundamental friction processes. It was initially
introduced to measure the difference between static
and sliding friction, but the permanent contact between
tip and nanoparticle also makes it an interesting
approach to perform systematic measurements with,
e.g., variation of the normal force or sliding velocity.
Through this approach, it can be analyzed how
essential concepts describing atomic friction, such as
contact ageing or the thermally activated PrandtlTomlinson-Model, can be transferred to extended
nanocontacts.
Finally, let us point out that the analysis of friction
by nanoparticle manipulations is not only interesting
for analyzing fundamental friction laws, but can also
be relevant for technological applications. Compared
to conventional friction force microscopy with contact
sizes of about 10–100 nm2, nanoparticle manipulation
allows the analysis of far more realistic contact
sizes, as they are, e.g., be found in micro- or nanoelctromechanical systems (MEMS, NEMS) where
friction and wear currently still limit the perspective
for widespread application. Understanding friction for
such mesoscale contacts is therefore expected to have
a considerable impact on technological applications.
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